STM tips made from antiferromagnetic MnNi have been used to investigate the atomic structure of the (001) and (111) dimers can be discriminated. The oxygenterminated (111) surface is characterized by an hexagonal superlattice with a periodicity of 42 Å. Oxygen vacancies are observed in atomically resolved images of this superlattice. In the presence of an external magnetic field of 60 mT, a significant change in the atomic corrugation in the topmost oxygen layer around each of these defects is observed. The results on both (001) and (111) surfaces are discussed in terms of possible spin polarized effects.
Introduction
The advent of scanning tunneling microscopy (STM) in the early 80's can be compared with the impact of low-energy electron diffraction (LEED) on the surface science community in the previous decade. STM has proven to be a powerful tool with a wide range of applications from chemisensitive spectroscopy (STS), to spinpolarized STM and STS of magnetically ordered systems, to STM induced luminescence, to atom-scale manipulation and tip-induced chemistry. Spin-polarized STM (SP-STM) has been one of the more difficult techniques to develop. However, the potential rewards are more than considerable.
The SP-STM technique offers the possibility to achieve magnetic contrast with a resolution on the atomic scale. The technique is derived from the dependence of the tunnel current between two magnetic electrodes, separated by a non-magnetic tunneling barrier, on the alignment of their respective magnetizations (Slonczewski, 1989) . In a ferromagnet, the exchange interaction splits the electron states into spin-up and spin-down sub-bands. As a consequence, the local density of states at a given energy will be different for each sub-band. This results in a net polarization P of any current drawn from the ferromagnet near the Fermi level, given by:
where G fbf′ is the mean conductance and θ is the angle between the magnetization directions of the two electrodes. When the magnetizations of the electrodes are parallel, the tunnel current is maximized, while for the antiparallel configuration, it is minimized. This can be put more simply for the case of tunneling between two ferromagnets, each with 100 % polarization. When the magnetizations are parallel an electron can tunnel between like states on either side of the barrier. However, when the magnetizations are antiparallel, there is no like state for the electron on the opposite side of the barrier and tunneling will not occur.
The initial model was reported for tunneling between two planar ferromagnetic electrodes, but was later adapted to describe the spin-polarized tunneling effect between a ferromagnet and an antiferromagnet in a STM junction (Minakov and Shvets, 1990; Molotkov, 1992) . For spin-polarized STM applications, the use of an antiferromagnetic (AF) tip carries distinct advantages over using a ferromagnetic (FM) tip. AF tips do not produce a stray magnetic field, which can affect the sample magnetization of soft ferromagnetic surfaces. Conversely, the tip magnetization cannot be affected by stray fields from the sample, or by an applied magnetic field. Moreover, the tip and sample do not interact through dipolar forces, so that the tunnel gap will be more stable.
As a result, AF materials like Cr and MnNi have been proposed as attractive tip materials for spin-polarized STM applications (Minakov and Shvets, 1990; . The advantages of using AF tips for non-perturbative imaging were demonstrated by comparing the influence of (FM) GdFe-coated and (AF) Cr-coated W tips in measurements on the domain structure of Fe bilayer nanowires grown on W(110) (Kubetzka et al., 2002) . The stray field from the FM tip is equivalent to an additional 200-300 mT perpendicular field, which is sufficient to locally trigger remagnetization in the film in external fields that are close to its coercivity. In the present study, we describe atomically resolved SP-STM experiments performed on the magnetite (001) and (111) surfaces, using STM probes made from the antiferromagnetic alloy MnNi.
Materials and Methods

I. MnNi STM tips
MnNi is one of a family of alloys displaying antiferromagnetism in a narrow composition range (±2%) around the equiatomic composition (Kasper and Kouvel, 1959; Pearson et al., 1965) . Other alloys in this family include MnPt, MnAu and MnIr. The significant feature of these alloys is their high Néel temperature, which typically lies well above room temperature e.g. T N = 800±40 °C for MnNi (Pál et al., 1968) , making these materials useful for application in spin-polarized STM in a wide temperature range. MnNi is a mechanically hard material with a tetragonal CuAu-I type structure and the lattice parameters a = 3.74 Å and c = 3.52 Å (Pál et al., 1968) . The crystal can be visualized as a stacking sequence of alternating Mn (001) and Ni (001) layers. Neutron diffraction experiments have shown that the magnetic moments in each of these planes are antiferromagnetically coupled in-plane. The magnetic moment of the Mn atoms at up to 4.0 µ B is large, while that of the Ni atoms at < 0.6 µ B is much smaller (Kasper and Kouvel, 1959; Sakuma, 1998) .
Polycrystalline ingots of this material were prepared by arc-melting the high purity constituent powders under an argon atmosphere. The ingots were arc-melted 30-40 times to ensure homogeneous mixing of the components, after which they were annealed for 48 h at 900 °C under an argon atmosphere. The crystal structure and lattice parameters were verified by powder X-ray diffraction. The ingots were cut into rods using a low-speed diamond wheel saw and mechanically polished into cylindrical shape. The resulting rods were approximately 10 mm long and 0.6 mm in diameter.
The MnNi rods were electrochemically etched using the set-up shown schematically in Figure 1 . Typically, a dc voltage of 1-4 V was used to drive the cell. The lower portion of the MnNi rod is covered with a close-fitting section of polytetrafluoroethylene (PTFE) tubing (Iijima and Ysuda, 1988; Ceballos et al., 2003) . The rod is immersed in a bath of etchant until the meniscus is just above the PTFE. This restricts the active etching region, so that the tip is formed within the upper part of PTFE tube. The dropped portion of the MnNi rod is retrieved for use. It is protected by the PTFE sheath as it drops to the bottom of the bath. One consideration when producing STM tips from an alloy is the potential impact of the etching procedure on the stoichiometric composition near the tip apex. Auger electron spectroscopy (AES) was used to investigate the impact of the final invacuum ion-etching treatment on the tip stoichiometry. A polished MnNi disk was etched under similar conditions to those used to prepare a STM tip. AES analysis indicated that some preferential sputtering occurs, resulting in a Ni-rich phase (Ceballos et al., 2003) . While this suggests that a thin ferromagnetic layer may be produced at the tip apex, it still allows the possibility for spin-polarized tunneling to be obtained.
To investigate the suitability of these tips for SP-STM experiments, several MnNi tips were tested in SP-STS experiments on Mn/Fe(001) epitaxial films. It has been shown that above a coverage of 3 ML, the pure ferromagnetic Mn(001) layers display an in-plane antiferromagnetic interlayer coupling Pierce et al., 2000) . Yamada et al. (2003) reported a magnetic contrast of up to 10 % in SP-STS measurements on 7-10 atomic layer thick Mn(001) films, using Fe-coated W tips. Similar experiments carried out under the same conditions, using MnNi tips produced a polarization value of 3 %, demonstrating that spin-polarized tunneling can be achieved with these tips.
II. Magnetite (001) and (111)
Magnetite, Fe 3 O 4 , has recently attracted significant attention as a material for spin electronics applications because it is theoretically predicted to be a half-metallic ferromagnet (Zhang and Satpathy, 1991) . In simple terms, the exchange interaction is sufficient to split the d-band so that the minority spin sub-band is displaced energetically above the Fermi level E F , while the majority spin sub-band is lowered below E F . As a result, any current drawn near the Fermi level should have 100 % spin polarization.
Magnetite is an inverse spinel material based on a face-centered-cubic sublattice of 32 O cations in octahedrally coordinated interstices (the so-called B-sites). The crystal structure is illustrated in Figure 2 . The lattice parameter of the unit cell is 8.3963 Å (Wyckoff, 1965) . Magnetite is a ferrimagnetic material with a Curie temperature of T C = 850 K. The magnetic moments of the cations occupying the A-and B-sites are opposite, where the Fe ). Magnetite undergoes a metal-insulator transition where this electron hopping mechanism is effectively frozen and a charge ordered state is established. The temperature at which this transition occurs is called the Verwey transition temperature T V , which lies at around 120 K for bulk stoichiometric magnetite (Verwey et al., 1947; Walz, 2002 cations can be discriminated at the B-sites. A number of models have been proposed for this low-temperature (T < T V ) state (Kucza, 2001) .
Scanning tunneling microscopy studies of the B-terminated (001) surface have suggested that a charge ordered state is established at the surface at a much higher temperature, at least above 300 K (Coey et al., 1993; Koltun et al., 2001; Mariotto et al., 2002 using an Fe tip, resolved <110> oriented atomic rows separated by 6 Å, with a 12 Å periodicity in corrugation along them. This 12 Å periodicity was not observed when the <110> rows were resolved with a W tip. It was therefore interpreted as a spin-polarized effect, where the ordering of the different magnetic ions was resolved with the Fe tip, but could not be resolved with the paramagnetic W tip. The proposed model of the surface is shown in Figure 3 . This interpretation was based on the bulk charge ordering models of Mizoguchi (1978a, b) , Iida et al. (1982; and Kita et al. (1983) , which propose static arrangements of B-site cation groups with 12 Å periodicity along the <110> crystallographic directions. Similar results were obtained by Koltun et al. (2001) Jansen et al. (1995) has shown that the surface reconstructs into rows aligned along the [-110 ] crystal direction, and that the resulting surface cannot be reconciled with either of the bulk (110) planes.
In the case of the Fe 3 O 4 (111) surface, it is possible to identify six (111) layers in the bulk, shown in Figure 4 , with a repeat distance of 4.8 Å between equivalent layers. Magnetite has six possible terminations in the [111] direction (Ahdjoudj et al., 1999) . Two of these comprise the close-packed oxygen layers (O 1 and O 2 ), while the others contain Fe ions. There are major differences between the four Fe layers. The first consists of A-site cations arranged in an hexagonal lattice with a 6 Å interatomic periodicity (Fe tet1 ). The second consists of B-site cations arranged in a Kagome lattice with 3 Å interatomic periodicity (Fe oct2 ). The two remaining Fe layers, consisting of B-site and A-site layers separated by just 0.6 Å, can be considered as multilayers (Fe tet2 /Fe oct2 /Fe tet1 and Fe oct2 /Fe tet1 ). Because of this complexity, it is clear that the surface will be sensitive to the preparation conditions.
The experiments on Fe 3 O 4 described here, were performed in a multichamber ultrahigh vacuum (UHV) system with a base pressure of 2 × 10 -10
Torr or better. The system was equipped with home-built room-temperature STM, which was fitted with an in-vacuum electromagnet capable of producing an in-plane magnetic field of up to 60 mT without significant thermal drift at the STM head. The system was also equipped with a four-grid reverse view optics for low-energy electron diffraction (LEED) and a cylindrical mirror analyzer for Auger electron spectroscopy (AES). Samples were prepared in a separately pumped chamber, equipped with resistive and electron-beam heaters, an ion source and precision leak valves for introducing high purity gases.
Results and Discussion
I. SP-STM on Magnetite (001)
The Fe 3 O 4 (001) crystals used in these experiments were grown by the skull melting technique (Harrison and Aragón, 1978) . The spinel structure of these crystals was confirmed by powder X-ray diffraction and a lattice constant of 8.40±0.01 Å was measured. Using resistance vs. temperature curves, a Verwey transition temperature of 108 K was measured, which indicated that the crystals were substoichiometric (Aragón et al., 1985a, b; Aragón et al., 1986) . The crystals were aligned with a precision of ±1° with respect to the (001) crystallographic plane and mechanically polished to a surface roughness of 0.25 µm. The in-vacuum preparation consisted of long-cycles of annealing (4-20 h) in UHV at 850-990 K to diffuse contaminants (Ca, S, C and K) to the surface (Ceballos et al., 2004) . These contaminants could be removed by Ar + ion etching (10 min at 1 keV and 10-15 µA target current). This was followed by annealing for 2-10 h in UHV to re-order the surface and an optional short anneal (1-2 h) in 1 × 10 -6
Torr O 2 to reverse the reducing effects of the UHV anneal.
The resulting surface displayed the well-documented (√2 × √2)R45º LEED pattern of the clean Fe 3 O 4 (001) surface, shown in Figure 5 (Voogt et al., 1999; Mijiritskii et al., 2000; Stanka et al., 2000) . The surface cleanliness was confirmed by AES. STM images of this surface, also shown in Figure 5 , are characterized by rectangular terraces separated by steps aligned along the <110> directions, which are 2.1 Å or integer multiples of this value in height. This value corresponds to the separation between equivalent (001) planes in the bulk Fe 3 O 4 structure, indicating that the surface terminates at either the A-or B-plane. High-resolution images of the surface show rows of atoms aligned along the <110> directions and separated from one another by a 6 Å spacing. We conclude that the imaged atoms are Fe ions on the basis of photoelectron spectroscopy experiments (Alvarado et al., 1976) and calculations (Zhang and Satpathy, 1991) , which demonstrate that the oxygen 2p states lie well below the Fermi level, while the Fe 3d states are present near E F . The rows on terraces separated by 2.1 Å are rotated by 90° (Figure 5 ), indicating a two-fold rotational symmetry, which is best described by the B-plane termination of octahedrally coordinated cations.
The atomic structure of these <110> rows is resolved in Figure 6 , which shows a series of STM images taken with both MnNi and W tips. The fact that a 12 Å periodicity is clearly observed along the <110> rows with both MnNi and W tips refutes claims in earlier reports that this is a spin-polarized effect that could only be observed when using a magnetic tip Koltun et al., 2001 ). However, the data obtained with a MnNi tip in Figure 6 do support the conclusion that charge-ordering occurs on the Fe 3 O 4 (001) surface at room temperature. In the case of the MnNi tip, a periodicity of 12 Å is measured between the corrugation maxima along the <110> rows. An additional 6 Å periodicity can be observed between these maxima and points of lesser corrugation, as indicated in Figure 6 . The full-width at half-maximum (FWHM) measured for the corrugation maxima imaged with the MnNi tip is of the order of 3Å. The large FWHM combined with the doubling of the periodicity along the <110> rows compared to the interatomic periodicity of B-site cations in the bulk, points towards the formation of cation pairs or dimers on the surface. The STM images were taken with a positive sample bias with respect to the tip, so that the unoccupied electron states in the sample are probed. These maxima are therefore attributed to Fe (Mariotto et al., 2002) , as shown in Figure 6 . We have recently discussed possible driving mechanisms behind the formation of the charge-ordered state on the Fe 3 O 4 (001) surface . Using a W tip, a 12 Å periodicity is also observed along the <110> rows. However, the additional maxima that give rise to the 6 Å periodicity observed with the MnNi tip are not resolved. Instead, the full-width at half-maximum (FWHM) measured for the corrugation maxima imaged with the W tip is roughly double that measured for the maxima imaged with the MnNi tip. It should be noted that these results were reproduced in several sessions with different MnNi and W tips, so that the issue of tip sharpness is not in question. 
II. SP-STM on Magnetite (111)
The Fe 3 O 4 (111) crystal was grown by the floating-zone technique (Balbashov and Egorov, 1981) . The spinel structure of the crystal was confirmed by highresolution single crystal X-ray diffraction and a lattice constant of 8.3957±0.0005 Å was measured. From resistivity vs. temperature curves a Verwey transition temperature T V of 120 K was measured. A saturation magnetization of 94 emu g -1 was measured at 297 K by vibrating sample magnetometry (VSM), which is in good agreement with the value expected for stoichiometric magnetite. The sample was aligned with a precision of ±1° with respect to the (111) crystallographic plane and mechanically polished to a surface roughness of 0.05 µm.
The in-vacuum preparation consisted of annealing the sample in UHV at 1000 K for 100 h to diffuse contaminants to the surface. This was followed by repeated cycles of Ar + ion etching (5-15 min at 0.5-2.0 keV and 10-15 µA target current) and annealing at 1000 K in UHV for 3-4 h. Finally, the surface was annealed for 15 min in 1 × 10 -6
Torr O 2 . This procedure produced a contaminant free surface, characterized by a (1 × 1) hexagonal LEED pattern. STM images of the surface (like the one shown in Figure 7) show terraces separated by monatomic steps of 4.8 Å in height, which is consistent with the separation between equivalent (111) layers in bulk Fe 3 O 4 . An interatomic periodicity of 6 Å was measured on this surface, indicating that it is terminated by tetrahedrally coordinated Fe 3+ cations.
The oxygen-terminated (111) surface could be obtained by annealing in O 2 for 15 min and cooling down in the oxygen atmosphere. The resulting surface, also shown in Figure 7 , displayed an hexagonal superstructure with a periodicity of 42±3 Å, comprising three distinct regions identified as I, II and III. An average interatomic periodicity of 3.1±0.1 Å was measured in region I, while a periodicity of 2.8±0.1 Å was measured in regions II and III. Moreover, the height difference between the three regions was found to be strongly bias-dependent. This superstructure represents an oxygen-terminated surface, which reconstructs due to some electron-lattice type instability . Oxygen vacancies can typically be observed in this surface layer, and it has been found that above a critical density of these defects (≥ 20 %), the superstructure does not form (Berdunov et al., 2004a) . SP-STM experiments were performed on this surface, using MnNi tips, by measuring the atomic corrugation of the surface with and without an external magnetic field of 60 mT applied parallel to the sample surface (Berdunov et al., 2004b) . We expect the sample has an out-of-plane magnetic moment, along the [111] easy axis, without applying the magnetic field and is in-plane with the magnetic field on, while the magnetization of the tip does not change due to its antiferromagnetic nature. Unfortunately, the magnetostriction effect in magnetic materials like magnetite does not allow one to switch the magnetic field during the scan. The STM images were taken on the same sample within the space of a few hours between the nonmagnetic and magnetic experiments. No additional sample treatment between the experiments was performed. The sample was subsequently scanned without the magnetic field to ensure that there was no significant contaminant adsorption during the experiment.
Atomically resolved STM images of the superstructure with and without the external magnetic field are shown in Figure 8 . It is clear that the measured atomic corrugation of the superstructure is only affected around oxygen vacancies. Typically, three corrugation maxima appear in a triangular arrangement around each defect. These maxima have a nearest-neighbor separation of 6 Å, which corresponds to the positions of Fe ions in the (111) layer underneath the oxygen termination. There is a corrugation difference of 0.3 Å between these maxima and the surrounding atomic structure.
Density functional theory (DFT) calculations were performed on an oxygenterminated magnetite (111) slab, where the oxygen caps a layer of B-site cations, using the CASTEP simulation with the local spin-density approximation (Berdunov et al., 2004b) . The results of these calculations, shown in Figure 9 , indicate that the surface oxygen 2p states are sufficiently shifted with respect to E F , by their strong hybridization with the Fe 3d states, to contribute to the tunnel current at the surface. The effect is already lost in the next oxygen (111) layer, where the O 2p states correspond to those found in the bulk. As the images shown in Figure 8 were taken at a sample bias of -1.0 V, they represent a significant spin polarization at 1 eV below E F . The spin polarization of the oxygen is much smaller than that of the Fe, which shows majority spin states at 1 eV and 2 eV below E F . An example of how the surface states change in the presence of the oxygen vacancy is also shown in Figure 9 . The calculations were performed for a 2x2 supercell with and without a surface defect present. Figure 9 shows the majority states distribution above the surface, which displays a maximum density above each oxygen atom in the case of the defect-free surface. In the presence of the oxygen vacancy, we see that new maximas appear and the distribution is no longer regular around the vacancy.
Although, the comparison of the calculations with the experiment is rather qualitative, the main conclusion that can be drawn is that the spin polarization at the magnetite interface is altered locally by the presence of surface defects. One can therefore conclude that the spin-polarized tunneling from the surface represents contributions from both the Fe and O.
Conclusions
The atomic structure of the Fe 3 O 4 (001) and (111) surfaces has been studied by STM, using tips made from antiferromagnetic MnNi. A sharp (√2 × √2)R45° surface superlattice was observed on the clean Fe 3 O 4 (001). This is explained in terms of charge ordering at the octahedral sites with the formation of Fe . The orientation of the Fe <110> rows rotates by 90° between successive octahedral planes, which are separated by an interlayer distance of 2.1 Å. 
